Mycobacterium bovis, the causative agent of tuberculosis (TB) in farmed livestock such as cattle and deer, continues to affect detrimentally farming and agricultural economies of many countries, resulting from imposition of trade restrictions and the costs of implementing eradication programs (18). M. bovis is also a recognized zoonotic pathogen that infects many people, particularly in the developing world (35). It also infects a broad range of feral and wildlife animals, such as badgers, deer, goats, and possums; some of these species are reservoirs of infection for farmed livestock (19). An important component in bovine TB eradication programs is the application of epidemiological "traceback." By developing a better understanding of the source(s) and mode(s) of TB transmission in field outbreaks, more-effective control measures can be implemented (7, 17) .
Mycobacterium bovis, the causative agent of tuberculosis (TB) in farmed livestock such as cattle and deer, continues to affect detrimentally farming and agricultural economies of many countries, resulting from imposition of trade restrictions and the costs of implementing eradication programs (18) . M. bovis is also a recognized zoonotic pathogen that infects many people, particularly in the developing world (35) . It also infects a broad range of feral and wildlife animals, such as badgers, deer, goats, and possums; some of these species are reservoirs of infection for farmed livestock (19) . An important component in bovine TB eradication programs is the application of epidemiological "traceback." By developing a better understanding of the source(s) and mode(s) of TB transmission in field outbreaks, more-effective control measures can be implemented (7, 17) .
The advent of molecular typing techniques has greatly improved the epidemiological knowledge that can be gained from studying TB outbreaks (1, 17, 20) . The three principal M. bovis strain typing techniques described to date have been restriction enzyme analysis (REA) (5) , restriction fragment length polymorphism (RFLP) analysis (26) , and spoligotyping (11, 13, 22) . Standard operating procedures for both REA and RFLP typing of M. bovis have been devised and are generally accepted as providing good levels of differentiation (5, 6, 26, 34) . However, there are practical processing and analysis limitations in both REA and RFLP analysis, requiring both skilled personnel and image analysis software. Spoligotyping (spacer oligotyping) is advantageous as it is PCR based and is a more rapid and easier technique to perform and analyze. The main disadvantage of spoligotyping is that all genetic polymorphism is restricted to a single genomic locus, the DR cluster.
The Mycobacterium tuberculosis complex (MTBC) genome sequencing projects at the Sanger Center and The Institute for Genomic Research have released valuable sequence data from the genomes of M. tuberculosis H37Rv, M. bovis AF2122/97, and M. tuberculosis CDC1551, respectively, enabling the identification of polymorphic loci that may be useful for molecular typing (4) . Much of the polymorphism occurs within regions of tandemly repeated DNA. Polymorphism at a tandem repeat (TR) locus can occur either as a result of nucleotide sequence changes between individual repeat units or as a result of variation in the number of repeat units, hence creating allelic variants. Variable-number TR (VNTR) typing is based upon repeat number polymorphism within these tandemly arranged repetitive DNA sequences. Many of these TR loci display hypervariablity, enabling their exploitation for strain typing in numerous bacterial species (15, 32) .
Previously six VNTR loci, described as exact TR A through F (ETR-A, -B, -C, -D, -E, and -F), were reported and applied to human M. tuberculosis isolates (9) . Subsequently, the level of discrimination found between individual M. tuberculosis or M. bovis isolates using the five ETRs (A through E) was not as good as that achieved using either spoligotyping or IS6110-RFLP typing (8, 16) . During the course of this investigation, another set of polymorphic repeats, termed mycobacterial interspersed repetitive units (MIRUs), have been described (31) . Forty-one MIRU loci were identified within the M. tuberculosis H37Rv genome, of which 12 showed length polymorphisms when applied to a panel of 31 MTBC strains. Additionally, six Queen's University Belfast (QUB) novel VNTRs were identified and applied to 100 M. bovis field isolates (27) . Further VNTRs in M. tuberculosis strains H37Rv and CDC1551 were reported from an in silico analysis of their genomes (28) . These VNTR markers have not been tested against a panel of isolates; it remains to be seen how many of these are useful.
This study reports 8 TR loci, identified within all three MTBC genomic sequences and their preliminary application to a test panel of 47 M. bovis field isolates for the purpose of strain typing. The discrimination of the novel VNTR loci was compared to the discrimination achieved by spoligotyping and using ETR-A, -B, -C, -D, and -E. In addition, we investigate if it is possible to increase the ability to further resolve the test panel isolates by combining the most discriminative VNTR loci that we report with the ETRs reported previously (9) .
MATERIALS AND METHODS
Identification and analysis of TR loci. TR loci were identified by searching the M. tuberculosis H37RV genomic DNA sequence (accession no. AL 123456) generated at the Sanger Center website (http://www.sanger.ac.uk/Projects /M_tuberculosis) using the software Tandem Repeats Finder, version 2.02 (3). The Tandem Repeats Finder program was downloaded from the web page of the Department of Biomathematical Sciences at Mount Sinai School of Medicine (http://www.c3.biomath.mssm.edu/trf.html). TR loci possessing repeat units Ն50 nucleotides in length, Ն95% nucleotide sequence identity between individual repeat units, and two or more copies of the repeat unit were selected for further analysis. BLAST searches were performed on the M. tuberculosis CDC1551 (http://www.tigr.org/tigr-scripts/CMR2/GenomePage3.spl?databaseϭgmt) and the incomplete M. bovis AF2122/97 (http://www.sanger.ac.uk/Projects/M_bovis) genome sequences to establish the presence and number of repeat units at each TR locus. The VNTR nomenclature convention of identifying of each VNTR locus using the first four digits of its position in the M. tuberculosis H37Rv genome was adopted. BLASTN searches of EMBL and GenBank Bacterial Genome databases for the consensus repeat sequences of the novel VNTRs were performed to determine whether these VNTR loci were unique to the MTBC or related to other repetitive sequences. Nucleotide sequence alignment and cluster analysis were performed on the repeat sequences using DNASIS (version 2.0; Hitachi Software) and BioNumerics (version 2.0; Applied Maths) software. The DNA sequence viewer and annotation tool software Artemis, which is available from the Sanger Center web page, was used to visualize genes flanking the novel VNTRs on the M. tuberculosis H37Rv genome.
Bacterial strains. A panel of 47 M. bovis field isolates from Northern Ireland (n ϭ 39) and the Republic of Ireland (n ϭ 8) were selected as a test panel. Twenty-seven of the isolates were obtained from bovine hosts, and the remaining 20 isolates were obtained from badgers. Two groups of isolates, A (n ϭ 3) and B (n ϭ 2), were epidemiologically linked, in that they were isolated from animals in the same herd outbreak. A further nine MTBC reference strains were included (see Table 2 ). These included the M. tuberculosis H37Rv and CDC1551 strains and the M. bovis AF2122/97 strain for which genomic sequence information is available. A further 13 clonally derived M. bovis BCG daughter strains that have been passaged in vitro hundreds of times since 1921 (2) were included (kindly supplied by M. A. Behr [Montreal General Hospital, Montreal, Canada]).
DNA preparation and PCR amplification. M. bovis isolates were cultured from frozen glycerol or bead stocks on Lowenstein-Jensen slopes containing pyruvate (Media for Mycobacteria, Glamorgan, Wales) for 3 to 4 weeks at 37°C. The MTBC isolates were cultured on Lowenstein-Jensen slopes supplemented with glycerol. A 5-l sterile loop was used to transfer three to four colonies into 250 l of sterile distilled water. The suspended colonies were boiled for 5 min in a water bath, and cellular debris was removed from the supernatant by centrifugation at 12,000 rpm in a microcentrifuge (MSE Micro Centaur) for 5 min. PCRs were performed in a final volume of 30 l. Primer sets that flanked each of the TR loci were designed to enable amplification ( Table 1) . The primer sets reported previously (9) were used to amplify the ETR-A to -E loci. Each PCR mix contained 3 l of 10ϫ PCR buffer (Qiagen), 1.5 mM MgCl 2 , a 0.66 M concentration of each primer, a 200 M concentration of each of the four deoxynucleoside triphosphates, 6 l of 5ϫ Q-solution (Qiagen), and 1 U of HotStarTaq DNA polymerase (Qiagen). Two microliters of template DNA was added to each reaction mixture. Following an initial denaturation at 95°C for 15 min the PCRs were subjected to 30 thermocycles of 94°C for 30 s, 55°C for 60 s, and 72°C for 1281895-1282015 GGGGCTGCGGACCTACGGACT (60 bp ϫ 2) ϩ 2 bp (60 bp ϫ 2) ϩ 2 bp (60 bp ϫ 2) ϩ 2 bp CTGGACTCTTGCGGGGACTTCG a Each VNTR locus was described as (repeat unit size ϫ copy number) ϩ size of the partial repeat. Partial repeats of the whole repeat unit were present towards the 3Ј end of some VNTR loci.
b VNTR 0960c and VNTR 2531c are also known as MIRU 10c and MIRU 23c, respectively. The suffix "c" indicates that the VNTR locus is in reverse orientation.
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90 s. Positive and negative control reactions, in which PCR mixes were inoculated with 2 l of boiled cells from the M. tuberculosis H37RV strain and sterile distilled water, respectively, were performed with each set of reactions. PCR products were electrophoretically separated on 1% NuSieve GTG (FMC, Flowgen) and 1% typing-grade agarose (Life Technologies) gels in 1ϫ Tris-boric acid-EDTA buffer (Invitrogen Life Technologies). A 100-bp DNA Stepladder (Promega) and a 20-bp DNA ladder (FMC, Flowgen) were used as size markers. Allele naming tables for each TR locus were calculated, and allelic variants were named using the copy number of the repeat unit present. Cluster analysis of the allelic profiles generated by VNTR typing was performed using the Bionumerics software package (version 2.0; Applied Maths). The allelic diversities (h) of VNTRs, individually and in combination, were calculated using the following
where n is the number of isolates and x i is the frequency of the ith allele at the locus (25) .
Spoligotyping. Spoligotyping was performed as described previously (13), with the same inoculum used in the VNTR PCR as described earlier. The nomenclature used by the RIVM Institute of Public Health and the Environment, Bilthoven, The Netherlands, for the spoligotypes was adopted.
RESULTS
Identification and characterization of TR loci. Eight TR loci were identified and selected from the M. tuberculosis H37Rv genome sequence, six of which were novel QUB TRs (Table  1) . These TRs were widely distributed about the genome, and all had repeat units ranging in size from 53 to 60 bp. The size and locus positions of the TRs on the M. tuberculosis H37Rv genome and allelic variation of the orthologous loci in the M. tuberculosis CDC1551 and M. bovis AF2122/97 genomic sequences are given in Table 1 . Six of the eight TR loci exhibited polymorphism between these genome sequences due to insertion or deletion of whole repeats and hence can be referred to as VNTR loci. A low level of nucleotide sequence degeneracy between individual repeat sequences was also present (data not shown). All eight were located in intergenic positions on the M. tuberculosis H37Rv genome. The genes flanking the novel TR loci encoded products that possessed various putative functions, including kinases, ligases, and transporter and cell division proteins (data not shown). Sequence analysis identified some homology between the novel TR consensus repeat sequences and Mycobacterium leprae genomic sequences. However, no homology was found with other repetitive elements such as polymorphic GC-rich repetitive sequence (24) and the major polymorphic TRs (12) .
The nucleotide consensus sequences from each of the eight TR loci were determined and compared by sequence alignment and cluster analysis to previously reported M. tuberculosis TR loci (Fig. 1) . Four main subclusters were identified. Cluster A contained QUB VNTRs 4156c, 1451, 3336, 3232, and 1895c in addition to the repeats mss 6, mpp 8, and msx 4, reported previously (28) . Cluster B was composed of QUB VNTR 1281 and ETR-B. Cluster C was the largest cluster and contained VNTRs 2531 and 0960c in addition to all the variable MIRUs (30) and the ETR-C to -E repeats (9) . VNTRs 2531 and 0960c corresponded to MIRU 23 and MIRU 40, respectively, and as expected clustered together with the other reported MIRU repeats. The final cluster, cluster D, contained ETR-A alone and was the repeat that when compared to the other new and previously reported repeats, exhibited the least nucleotide sequence similarity.
Allelic variation using VNTR loci. Locus-specific PCR primer sets were used to amplify each of the eight TRs from within the genomic DNA of 47 M. bovis field isolates and nine MTBC isolates (Table 2 ). Ten unique profiles were identified in the M. bovis isolates, and all nine MTBC isolates were differentiated by a unique profile. Seven of the eight TR loci exhibited allelic variation, the exception being TR 1281, at which only a single allele was identified, with a copy number of two. VNTRs 3232 and 3336 provided the highest level of allelic polymorphism, each identifying five alleles in the M. bovis isolates and with eight and seven different allelic variants, respectively, present within the nine MTBC isolates examined (Table 3) . This was reflected in the allelic diversity figures, with VNTR loci 3232 and 3336 achieving h scores of 0.60 and 0.41, respectively (Table 3) . However, three of the TR loci (VNTRs 0960, 4156, and 1281c) exhibited no allelic diversity (h ϭ 0) within the M. bovis field isolates, and two others (VNTR 2531 and 1451) exhibited only low levels (h Յ 0.10). The same panel of isolates was examined using the five VNTR loci ETR-A to -E. When applied to the nine MTBC control isolates alone, the most polymorphic VNTR loci were ETR-A and ETR-D, for which six different alleles were identified (Table 3) . However, only the ETR-A and ETR-B VNTR loci exhibited allelic variation when applied to the M. bovis field isolates, displaying lower allelic h scores of 0.40 and 0.37, respectively.
Stability of the TR loci. The stability of the eight TR loci was assessed by determining the allelic variation present within 13 clonally derived BCG daughter strains. These BCG strains have been passaged in vitro hundreds of times since 1921, introducing genetic changes that have been observed through previous DNA fingerprinting analysis (2) . Six of the TR loci exhibited no allelic variation between the BCG strains. Spoligotyping. Eleven unique spoligotypes were identified in the panel of M. bovis isolates (Fig. 2) with a discriminatory capacity, h, of 0.66). The nine MTBC isolates were resolved into eight unique spoligotypes (Table 3) .
Selection and combination of most-discriminative VNTR loci. The ability of VNTR typing to distinguish between M. bovis field isolates was improved by combining the four mostdiscriminating novel QUB loci (VNTRs 3232, 3336, 1895, and 1451) to produce allele profiles ( Table 3 ). The combination of VNTR 3232 and 3336 differentiated the nine MTBC controls into nine unique profiles. When applied to the panel of 47 M. bovis field isolates, VNTRs 3232 and 3336 together differentiated nine allele combinations and reached an h of 0.65. The level of discrimination was further improved by the addition of VNTR 1895, which increased the number of distinct allele profiles to 10 from within the 47 M. bovis field isolates and increased the h to 0.75. Addition of VNTR 1451 to the allele profile had no effect on the level of discrimination between the M. bovis isolates or the allelic diversity. Using the most-variable ETRs (9), ETR-A and -B, the panel of 47 M. bovis field isolates was differentiated into six different allele combinations (Table 3) . However, by combining ETR-A and -B with VNTRs 3232, 3336, and 1895, the discrimination was increased, such that the 47 M. bovis field isolates were differentiated into 14 different allele profiles (Fig. 2 ) and a high (h ϭ 0.87) allelic Each of the nine MTBC control isolates could be distinguished, having unique allele profiles following application of the five most-discriminating VNTR loci for the 47 M. bovis isolates (VNTRs 3232, 3336, and 1895 and ETR-A and -B). However, eight out of the nine MTBC isolates could be differentiated using either the novel VNTR 3232 alone or the combination of ETR-A and -B. The combination of VNTR 3232 with 3336 differentiated all nine MTBC controls uniquely.
DISCUSSION
In this study, novel polymorphic VNTR loci in the MTBC were identified and characterized. It was demonstrated that these loci were valuable M. bovis strain typing tools, both in their application to field isolates and in the further development of molecular epidemiology. VNTR typing was also shown to be a very promising technique, with excellent potential to be further optimized and developed for application to large-scale epidemiological studies. Molecular variation has previously been exploited to determine evolutionary relationships between many organisms. Genetic markers such as VNTR loci can be used as molecular epidemiological tools to quantitatively examine the similarity and differences between isolates. Epidemiologically linked isolates have been matched through the use of VNTR typing (15, 31) . In previous studies, the genomes of MTBC organisms have been found to be genetically homogenous (10, 29) . In sequencing 200,000 bp of M. tuberculosis genomic DNA, only four base pair substitutions were observed (14) , therefore, VNTR loci are valuable islands of polymorphism. VNTRs have been found in intergenic and nonintergenic regions of genomic DNA and have been found to function as molecular switches in microorganisms, by regulating transcription and possibly translation (21, 33) .
In assessing and comparing the novel QUB VNTR loci to other existing VNTR targets, such as ETRs A through E, it was found that one of the newly defined VNTRs, VNTR 3232, displayed a degree of discrimination higher than that found using any of the individual ETRs, while two other novel VNTRs, 3336 and 1895, displayed an equivalent degree of discrimination. It was noted that three of the ETRs, C, D, and E, showed little or no discrimination when applied to M. bovis field isolates. It was also determined that the combination of the most-discriminating VNTR loci from different sets of VNTRs provided the greatest resolution. The three most-discriminating novel VNTR markers described here, combined with two of the most-discriminating ETRs, were shown to resolve the M. bovis isolates better than either of the individual VNTR sets from the different research groups and their discrimination was also greater than that achieved by spoligotyping. VNTR loci making up a set of VNTR markers, described by different research groups, are not necessarily the best combination or set of VNTRs. This work suggests that a better approach is to assess the ability of each individual VNTR to discriminate isolates and to determine the degree of congruence, concordance, and divergence between the different polymorphisms found using particular VNTR markers in combination. Subsequently, the most suitable VNTRs available in the MTBC should be combined together to provide an optimized and standardized set.
Length polymorphisms between M. bovis field isolates were due to insertions and deletions of whole repeat units in the individual VNTR loci. It was also apparent that sequence vari- ations between repeats were also contributing to the polymorphism. The VNTRs were mainly composed of heterogenous repeats, in that nucleotide sequence degeneracy or point mutations were found between individual repeat sequences of the entire VNTR locus (33) . The point mutations were randomly distributed throughout the VNTR locus and the individual repeat units. Partial or incomplete repeats were found towards the 3Ј end of the VNTR locus, suggesting polarity. Cluster analysis of all the consensus repeat unit sequences of the VNTRs described to date produced four separate groups, one of which contained the MIRUs and ETR-C, -D, and -E; another which contained ETR-A alone; and a third which contained ETR-B and the novel VNTR 1281. The fourth group contained the novel VNTRs that were found to be useful molecular typing tools, VNTRs 1895, 3232, and 3336; these shared a high degree of sequence identity with each other and clustered separately from the MIRUs and ETRs. Ideally, typing techniques for routine application to large numbers of samples should be rapid and reproducible, require the minimum amount of expensive and specialized equipment or personnel, be cost-effective, and be sufficiently discriminating without destroying concordance. A balance between discrimination and concordance needs to be achieved to allow meaningful epidemiological assessments of relationships to be made between isolates. The novel VNTR loci were found to be exceedingly stable, with six of the loci remaining unchanged in the M. bovis BCG daughter strains, despite hundreds of passages over 30 years (30) . The standard operating procedures for both REA and RFLP typing of M. bovis that have previously been devised are generally well accepted as providing good levels of differentiation between M. bovis strain types. However, there are practical processing and analysis limitations in both REA and RFLP analysis when strain typing of large numbers of isolates is involved. They are both timeconsuming and labor-intensive techniques that require subculture of M. bovis, a slow growing organism, extraction of genomic DNA, and further manipulation of DNA to obtain analyzable fingerprints. Skilled personnel and image analysis software are required to analyze and interpret the patterns generated by REA and RFLP analysis. The PCR-based techniques, spoligotyping and VNTR typing, are advantageous in that the supernatant of boiled colonies are a sufficient source of template, making it a much more rapid and easier method to analyze. Another advantage of VNTR typing is that the technique is far easier and less laborious to perform than RFLP analysis or spoligotyping. It also has excellent potential to be automated and multiplexed through the use of fluorescently labeled primers (31) , with the further possibility of applying the typing technique directly to tissue that has been sequence captured, for simultaneous detection and strain differentiation (13, 23) . The VNTR allele profile immediately gives a numerical strain type that can easily be used in a digital nomenclature scheme, which is simple to log into a database and to share and transfer strain type information between laboratories, without any need for coding or an alternative naming system. The highest allelic diversity was found using the five most-discriminating VNTRs (h ϭ 0.90), which was significantly greater than that obtained by spoligotyping (h ϭ 0.66).
Another step towards standardization is in the nomenclature used to describe the TRs. VNTRs can be divided into a number of subsets based on the size of the repeat unit, namely microsatellites or short sequence repeats, minisatellites, and satellite repeat units, which range in size from 1 to ϳ15 bp, 10 to 100 bp, and hundreds to thousands of base pairs, respectively. There is a lack of consistency and a level of overlap in the nomenclature used. The novel VNTRs presented in this study are in the minisatellite range; however, we referred to them using the broader term, VNTR. We suggest that a consensus approach to naming or identifying each unique VNTR in the MTBC be considered, rather than each laboratory devising its own acronyms. In this study we adopted a numerical code which consists of the first four digits of the seven-digit number describing the locus position in M. tuberculosis H37Rv, as previously described (28) . Future work will involve automation of the technique to allow greater throughput of isolates, allowing molecular fingerprinting results to be overlaid with epidemiological data available due to the excellent traceability of animal movements in Northern Ireland. It is possible for individual animals, their movements, and the strain type of their M. bovis isolates to be mapped onto the geographical information system, generating greater epidemiological knowledge. Further analysis and optimization of M. bovis VNTR typing by comparing all the individual VNTRs from the previously described sets, with the intention of determining and selecting the best combination, are currently being undertaken. It is also necessary that the results generated through VNTR typing be assessed and compared to those generated by the standardized RFLP typing procedure. The discrimination capacity of the combination of the novel VNTRs described here and the most-discriminating VNTRs described by others (9, 27, 28, 30) should also be assessed in determining the epidemiological relatedness of M. tuberculosis isolates.
